Introduction
============

Application of magnetic nanoparticles in magnetic resonance imaging (MRI) and immunoassay is mainly dependent on the best performance of superparamagnetism below a critical size value.[@b1-ijn-10-2619] The superparamagnetic properties make magnetic nanoparticles monodisperse and exhibit high enzyme mimetic activity. Among the various magnetic nanoparticles, magnetoferritin was first synthesized within horse spleen ferritin (HoSF) cavity through removing native ferrihydrite core and replacing magnetite/maghemite core.[@b2-ijn-10-2619]--[@b4-ijn-10-2619] Recently, a novel magnetoferritin with a magnetite core, named as M-HFn, was successfully synthesized by using genetically engineered recombinant human H chain ferritin (HFn) as a biotemplate.[@b5-ijn-10-2619]--[@b7-ijn-10-2619] The HFn shell is stable as a hydrophilic protein which is tolerant to heat and urea or guanidinium chloride due to the special structure with outer diameter of 12 nm and inner cavity diameter of 8 nm.[@b8-ijn-10-2619] Several studies have demonstrated that without tumor-targeted ligand modification, the HFn shell of M-HFn nanoparticles can be specifically targeted to transferrin receptor 1 (TfR1) overexpressed on various cancer cells,[@b9-ijn-10-2619]--[@b13-ijn-10-2619] which allow efficiently distinguishing cancerous cells from normal cells both in vitro and in vivo. Because of their high transverse relaxivity and good peroxidase-like activity,[@b11-ijn-10-2619],[@b14-ijn-10-2619] the M-HFn nanoparticles are found to be a very promising contrast agent for the in vivo detection of microscopic (\<1--2 mm) tumors by MRI and in vitro detection of tumor tissues with a high sensitivity of 98% and specificity of 95%.[@b10-ijn-10-2619],[@b11-ijn-10-2619] In addition, tumor-targeted arginine--glycine--aspartate peptide can be easily loaded on the HFn shell via genetic means, which make M-HFn nanoparticles specifically bind to α~v~β~3~ integrin implicated in tumor of a variety of cancer types.[@b5-ijn-10-2619],[@b15-ijn-10-2619]

The nanoscale size plays a key role in avoiding from agglomeration, usage of MRI, clinical diagnosis, and therapeutics.[@b16-ijn-10-2619]--[@b20-ijn-10-2619] Compared with traditional magnetoferritin synthesized using HoSF cavity as a template, the genetic engineering of HFn cavity provides a superior nanoplatform for synthesizing monodispersed, noninteracting, and stoichiometric magnetite nanoparticles with nearly the same spherical shape, narrow size distribution, and high crystallinity.[@b5-ijn-10-2619]--[@b7-ijn-10-2619],[@b14-ijn-10-2619],[@b21-ijn-10-2619] Thus, the M-HFn nanoparticles are ideal for studying the nanoscale size effects on magnetic properties, MRI and immunoassay, and so forth.

In this study, M-HFn nanoparticles with different sizes of magnetite cores were successfully synthesized through strictly controlling iron loading into HFn shells. The nanoscale size effects on application of M-HFn nanoparticles in MRI and immunohistochemical staining of cancer cells were analyzed and discussed.

Materials and methods
=====================

Preparation of recombinant ferritin cage
----------------------------------------

The recombinant plasmid pET12b-HFn, which contains the sequence coding of the human HFn, was transformed into *Escherichia coli* strain Rosetta. The *E. coli* cells were grown at 37°C in Luria--Bertani medium, with ampicillin and chloromycetin acting as selection markers, for 3 hours. Isopropyl-β-D-thiogalactopyranoside (1 mM) was used as an inductive agent to induce the expression of ferritin. The *E. coli* cells were incubated at 30°C for 10 hours. Cells were harvested by centrifugation and washed in Tris--HCl buffer (0.025 M Tris, 0.1 M NaCl, pH 7.4). The solution was sonicated on ice--water mixture, and the supernatant was then acquired by centrifugation. To remove other proteins, the supernatant was heated at 75°C for 15 minutes. Finally, the HFn was purified through size exclusion chromatography (Sepharose 6B, GE Healthcare), and the purity of HFn was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (PAGE). The protein concentration was determined by bicinchoninic acid protein assay reagent (Pierce) with bovine serum albumin as standard.

Synthesis of M-HFn nanoparticles
--------------------------------

The M-HFn nanoparticles were synthesized using our previous experimental procedure with minor modifications.[@b6-ijn-10-2619] Fe (II) was added in a rate of 50 Fe/protein/minute. Simultaneously, freshly prepared H~2~O~2~ was added as an oxidant in accordance with stoichiometric equivalents (1:3, H~2~O~2~:Fe^2+^). After adding theoretical 1,000, 3,000, 5,000, and 7,000 iron atoms per protein cage to the reaction vessel, the reaction continued for another 5 minutes. Then, 200 μL of 300 mM sodium citrate was added to chelate any free iron to each sample. Finally, the purification was performed through centrifugation and size exclusion chromatography. These four sets of synthesized M-HFn nanoparticles are named here as M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~, respectively.

Characterization of synthesized M-HFn nanoparticles
---------------------------------------------------

The core structure and composition of M-HFn nanoparticles were analyzed by transmission electron microscope (TEM). TEM observations were performed on a FEI-TECNAI G^2^ F20 electron microscope with an accelerating voltage of 200 keV. The size of M-HFn core for each sample set was determined by measuring 800 particles. The crystalline structure of cores was examined by selected area electron diffraction (SAED) patterns. The stability and integrity of M-HFn protein cages were examined by native PAGE and circular dichroism (CD) spectra analysis. The gels were used to perform protein staining with Coomassie Brilliant Blue R250 and iron staining with potassium ferrocyanide. The CD spectra were performed using a Chirascan™-Plus CD spectrometer (Applied Photophysics, Leatherhead, UK) at 190--300 nm (bandwidth: 1 nm) with protein concentration of 0.15 mg mL^−1^.

The magnetic measurements were performed on a Quantum Design MPMS SQUID magnetometer (Model XP-5XL, with magnetic moment sensitivity of 5.0×10^−10^ Am^2^). Low-field magnetization curves were measured between 5 K and 200 K in a field of 1.5 mT, after the sample was cooled to 5 K in zero field (zero-field cooling) and after cooling in a 1.5 mT field (field cooling). To evaluate magnetostatic interactions of these M-HFn nanoparticles, the acquisition of isothermal remanent magnetization and DC field demagnetization curves were measured at 5 K in DC field up to ±1,000 mT. For each field step, a constant magnetic field was applied for 120 seconds; the remanent moment was measured after removal of the field and a delay of 120 seconds. Magnetostatic interactions between M-HFn cores were evaluated using Wohlfarth--Cisowski test.[@b22-ijn-10-2619] The hysteresis loops at 5 K were also measured in fields of ±3 T.

The real iron content in the M-HFn nanoparticles was determined by inductively coupled plasma mass spectrometry (ICP-MS) (Agilent, 7500A). Nitration of all samples was performed with high-purity hydrogen nitrate at high temperature in a clean room. The solution volume of all samples was quantified to a constant value of 1 mL. Calculation of iron content was done by iron standard.

The MRI experiments were performed on a Bruker Biospec imager at 4.7 T field. The transverse relaxation times (*T*~2~) in phosphate-buffered saline (PBS) (iron concentration of 0--1 mM) were measured using multi-slice multi-echo (MSME) sequence with the following parameters: field of view (FOV) =5 cm ×5 cm, matrix =128×96, repetition time (TR) =3,000 ms, echo time (TE) =8.5--85 ms, and ten echoes. To measure the longitudinal relaxation times (*T*~1~), MSME sequence was used with the following parameters: FOV =5 cm ×5 cm, matrix =128×96, TR =90 ms, 150 ms, 300 ms, 500 ms, 800 ms, 1,200 ms, 2,000 ms, and 3,000 ms, and TE =8.5 ms. The *T*~1~ for each sample was calculated in MATLAB (The Mathworks, R2012b) by using the equation of *f*(*x*)=*a*+*c*×(1−exp(−1×*x*/*b*)).

Uptake assay in cancer cells and MRI
------------------------------------

In order to assess the size effect on cancer detection applications, the MDA-MB-231 breast cancer cell line with high TfR1 expression was chosen based on our previous studies.[@b10-ijn-10-2619],[@b11-ijn-10-2619] Cancer cells were cultured by using Dulbecco's Modified Eagle's Medium (DMEM, cat 12800-058, Invitrogen) supplemented with 10% fetal bovine serum and 1% penicillin--streptomycin solution (cat C0222, Beyotime) at 37°C in 5% CO~2~ atmosphere. In the present study, cells were seeded into six-well polystyrene plate, and then, M-HFn nanoparticles were added until the cell attachment rate reaches about 80%, while the control group of cells was incubated in the absence of M-HFn nanoparticles. The final concentration of M-HFn nanoparticles in experimental groups was diluted to 0.3 mg mL^−1^ (protein concentration) in DMEM. After 24 hours of incubation, the medium was removed, and cells were washed three times with PBS. Finally, cells were resuspended in PBS and counted after collecting by using trypsin solution, and then, the cell pellets were dissolved in hydrogen nitrate after being centrifuged and washed in distilled water several times. The amount of Fe taken up by cells was measured by ICP-MS (Agilent, 7700).

For MRI analysis, the cancer cells were treated as described earlier in this paper; uniform gel suspensions (1% agarose gel) were prepared with cell concentration of 3×10^5^ cells mL^−1^, and placed in a 96-well microtiter plate. Sampling was performed at 7 T on a Bruker Biospec imager using MSME sequence with the following parameters: FOV =3.5 cm ×3.5 cm, matrix =256×256, TR =2,500 ms, TE =20--320 ms, and 16 echoes. To evaluate the efficiency of M-HFn~7000~, cells of different concentrations were prepared for MRI.

To visualize M-HFn nanoparticles uptaken by cancer cells, a 12-well polystyrene plate-sized glass slide was put in the well before cells seeding. The cells were fixed with 4% formaldehyde subsequently for 1 hour, and then stained with Prussian blue and counterstained with eosin. The glass slide was eventually dehydrated and mounted with neutral gums. All samples were recorded under a light microscope.

Peroxidase activity assay and staining of tumors
------------------------------------------------

The peroxidase activity was examined at room temperature. Constant protein concentration of M-HFn (0.25 mg mL^−1^) nanoparticles and 500 mM H~2~O~2~ were used in 0.2 M sodium acetate buffer (pH 4.5), and 0.2 mg mL^−1^ of 3,3′,5,5′-tetramethylbenzidine (TMB, Sigma) was used as the substrate. Color reactions were taken for 15 minutes and then recorded. 0.05 M Tris--HCl (pH 7.5) was used as the color reaction buffer, while 3,3′-diaminobenzidine tetrahydrochloride (DAB, Sigma) was used as the substrate. To further characterize the peroxidase-like activity of M-HFn nanoparticles, quadruple amount of sodium acetate buffer and half amount of M-HFn, H~2~O~2~, and TMB were used in the color reaction; the absorbance was acquired at 652 nm on a spectrometer for 10 minutes.

MDA-MB-231 tumor implantation was performed according to previously used procedure.[@b14-ijn-10-2619] The tumor tissues were harvested and kept in the form of paraffin embedded. For immunohistochemical staining, the paraffin-embedded tissue sections were firstly heated at 55°C for 60 minutes and then deparaffinized by washing twice in xylene for 10 minutes, using an ethanol gradient for sections hydrating. Antigen retrieval was carried out in microwave oven where sections were boiled in 0.01 M citrate buffer (pH 6.0) for 30 minutes. To quench endogenous peroxidase activity, tissue sections were incubated with 0.3% H~2~O~2~ in methanol for 20 minutes after cooling to room temperature and rinsing in PBS. Five percent goat serum in PBS was used to block tissue sections for 1 hour at 37°C, and after rinsing, the tissue sections were independently incubated with M-HFn nanoparticles of different core sizes (2 μM) overnight at 4°C. Then, sections were re-incubated at 37°C for 1 hour and rinsed. Freshly prepared DAB was used for color developing, while hematoxylin was used for counterstaining. All sections were dehydrated in a gradient ethanol and mounted with neutral gums eventually. The analysis of stained sections was done under a microscope, and quantitative analysis was done using Image Pro Plus software (version 6.0). The measurement parameter was density mean, calculated by integrated optical density divided by area sum, and the intensity was averaged from five FOVs for ten tissue sections.

Results
=======

Structure of M-HFn nanoparticles
--------------------------------

By loading 1,000, 3,000, 5,000, and 7,000 iron atoms, the synthesized M-HFn nanoparticle samples M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~, respectively, in the present study are monodispersed ([Figure 1A](#f1-ijn-10-2619){ref-type="fig"}), having well-crystalline cores with clear lattice fringes ([Figure 1B](#f1-ijn-10-2619){ref-type="fig"}). No obvious lattice defects (such as dislocation and stacking fault) were found. The SAED patterns consist of five distinct rings ([Figure 1C](#f1-ijn-10-2619){ref-type="fig"}), indexed to be the (220), (311), (400), (511), and (440) lattice planes of magnetite. The mean size of the magnetite cores in the M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~ nanoparticles is 2.7±0.6 nm, 3.3±0.8 nm, 4.4±1.2 nm, and 5.3±1.3 nm, respectively ([Figure 1D](#f1-ijn-10-2619){ref-type="fig"} and [Table 1](#t1-ijn-10-2619){ref-type="table"}), with major_axis/minor_axis ratios of 1.15, 1.13, 1.12, and 1.11, respectively.

Iron content of the synthesized M-HFn nanoparticles determined by using ICP-MS (Agilent, 7500A) with external and internal standard iron calibration showed that the average iron content per protein of the synthesized M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~ was 786, 1,707, 2,456, and 4,709 Fe atoms, respectively. The loss of iron might be due to the formation of iron oxide or remaining as free iron outside of protein shells during the reaction period used in this study, which were removed.

Native PAGE and CD spectra of the synthesized M-HFn nanoparticles show that the synthesized M-HFn nanoparticles have intact protein cages ([Figure 2](#f2-ijn-10-2619){ref-type="fig"}). The gradual darkening of blue color from lane 2 to lane 5 ([Figure 2A](#f2-ijn-10-2619){ref-type="fig"}) indicates the increase in iron contents in M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~. Comparable protein-staining bands from lane 2 to lane 5 with native HFn protein cage in lane 1 ([Figure 2B](#f2-ijn-10-2619){ref-type="fig"}) and the CD spectra ([Figure 2C](#f2-ijn-10-2619){ref-type="fig"}) indicate that the protein structure of HFn cages/shells in the synthesized M-HFn nanoparticles is likely intact after the mineralization process.

Magnetism of M-HFn nanoparticles
--------------------------------

The *R*-value of the Wohlfarth--Cisowski test of M-HFn~1000~ is 0.5, suggesting no magnetostatic interactions between the M-HFn cores. However, the *R*-value of M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~ decreases slightly to 0.48, 0.44, and 0.40, respectively, suggesting weak magnetic interaction in these samples ([Table 1](#t1-ijn-10-2619){ref-type="table"} and [Figure S1](#SD1-ijn-10-2619){ref-type="supplementary-material"}). With the increase in core sizes, the saturation magnetization (*M*~s~), coercivity (*H*~c~), and blocking temperature (*T*~b~) of those samples measured at 5 K are increasing. Specifically, the M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~ have *M*~s~ values of 5.9 Am^2^ kg^−1^, 15.2 Am^2^ kg^−1^, 27.6 Am^2^ kg^−1^, and 37.3 Am^2^ kg^−1^, *H*~c~ values of 4.62 mT, 8.28 mT, 19.87 mT, and 24.41 mT, and *T*~b~ values of 10 K, 13 K, 44 K, and 170 K, respectively ([Figures 3](#f3-ijn-10-2619){ref-type="fig"} and S2 and [Table 1](#t1-ijn-10-2619){ref-type="table"}).

Relaxivity and peroxidase activity of M-HFn nanoparticles
---------------------------------------------------------

The determined transverse relaxivity (*r*~2~) and longitudinal relaxivity (*r*~1~) were acquired by linear mapping of iron concentration, and 1/*T*~2~ (*R*~2~) and 1/*T*~1~ (*R*~1~) ([Figures S3](#SD3-ijn-10-2619){ref-type="supplementary-material"} and [S4](#SD4-ijn-10-2619){ref-type="supplementary-material"}). The *r*~2~ values of M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~ are 22.5 mM^−1^ s^−1^, 63.2 mM^−1^ s^−1^, 99.4 mM^−1^ s^−1^, and 320.9 mM^−1^ s^−1^, respectively. The *r*~1~ values of these M-HFn nanoparticles are 10.4 mM^−1^ s^−1^, 14.5 mM^−1^ s^−1^, 17.4 mM^−1^ s^−1^, and 22.0 mM^−1^ s^−1^. This strongly indicates that the transverse and longitudinal relaxivity increase with the size of M-HFn cores. The values of *r*~2~/*r*~1~ are 2.2, 4.4, 5.7, and 14.6 for M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~, respectively ([Table 1](#t1-ijn-10-2619){ref-type="table"}).

Peroxidase-like activity of M-HFn nanoparticles tested at constant concentration of HFn nicely increased with size of M-HFn cores ([Figure 4](#f4-ijn-10-2619){ref-type="fig"}). M-HFn nanoparticles catalyze the oxidation of peroxidase substrates TMB and DAB in the presence of H~2~O~2~ to give a blue color ([Figure 4A](#f4-ijn-10-2619){ref-type="fig"}) and a brown color product ([Figure 4B](#f4-ijn-10-2619){ref-type="fig"}), respectively. It is clear that the M-HFn nanoparticles with larger size of cores have higher peroxidase-like activity and absorbance. The M-HFn~7000~ nanoparticles have nearly five times absorbance compared to M-HFn~1000~ at 10 minutes ([Figure 4C](#f4-ijn-10-2619){ref-type="fig"}).

Uptaken assay and MRI of cancer cells
-------------------------------------

In vitro MRI of MDA-MB-231 tumor cells after incubation with M-HFn nanoparticles shows obvious dark images compared to cells-only control ([Figure 5A](#f5-ijn-10-2619){ref-type="fig"}). The MDA-MB-231 cancer cells incubated with M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~ have *T*~2~ values equal to 110.9 ms, 99.1 ms, 90.0 ms, and 81.2 ms, respectively, while the cells-only control (incubated without M-HFn nanoparticles) has a *T*~2~ value of 122.5 ms. As shown in [Figure 5B](#f5-ijn-10-2619){ref-type="fig"}, the *T*~2~ values of MDA-MB-231 tumor cells with cell densities of 1×10^4^ cells mL^−1^, 1×10^5^ cells mL^−1^, 2×10^5^ cells mL^−1^, and 3×10^5^ cells mL^−1^ incubated with M-HFn~7000~ reduce to 73.5%, 66.3%, 63.2%, and 57.8%, respectively, compared with the *T*~2~ value of control (0 cells mL^−1^).

To further identify iron uptaken by cancer cells, we performed Prussian blue staining for cancer cells after incubation with the M-HFn nanoparticles. Results are shown in [Figure 6](#f6-ijn-10-2619){ref-type="fig"}. It can be seen that there is more blue deposition in cancer cells incubated with M-HFn nanoparticles with larger core size. We also assessed the iron content in cancer cells by ICP-MS and found that cancer cells accumulated 0.16 pg cell^−1^, 0.29 pg cell^−1^, 0.80 pg cell^−1^, and 1.23 pg cell^−1^ of Fe after being incubated with equal amount of M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~ for 24 hours, respectively ([Figure 6F](#f6-ijn-10-2619){ref-type="fig"}).

Immunohistochemical-like staining of xenografted tumor tissues
--------------------------------------------------------------

[Figure 7](#f7-ijn-10-2619){ref-type="fig"} shows the M-HFn-based peroxidase staining performed on xenografted MDA-MB-231 tumor tissues. Tumor tissues incubated with M-HFn nanoparticles showed brown color, which is in contrast to purple color of the normal tissues counterstained by hematoxylin. Quantitative analysis of effect on staining with M-HFn nanoparticles was performed using Image Pro Plus software, which shows that M-HFn nanoparticles with large core size generate high value of density mean.

Discussion
==========

The M-HFn nanoparticles are different from previously synthesized M-HoSF nanoparticles, which were reconstituted in HoSF. The M-HFn nanoparticles are directly synthesized in recombinant human HFn cavity under well-controlled condition in anaerobic box with stat pH, temperature, and addition rate of Fe (II) and oxidant, while the M-HoSF needs to remove native ferrihydrite cores before reconstitution of magnetite cores. The removal process and the difference of ferritins may affect the mineralization of the core. The uniform size and nearly spherical shape of M-HFn nanoparticles imply that the mineralization of iron oxide core (magnetite) is highly controlled by the HFn protein shells, in spite of non-physiological condition (65°C, pH 8.5). It has been estimated that ferritin cavity can be capable of sorting up to 4,500 Fe atoms as a hydrated ferrihydrite and 8,400 Fe atoms as a magnetite.[@b21-ijn-10-2619],[@b23-ijn-10-2619] In this study, out of theoretically added 7,000 iron atoms, the M-HFn nanoparticle has taken 4,709 Fe atoms per HFn (determined by ICP-MS), forming magnetite core of 5.3 nm. This suggests that the ferritin cage still has the capability to load more iron. [Figure 2](#f2-ijn-10-2619){ref-type="fig"} indicates that the protein structure of HFn cages/shells in the synthesized M-HFn nanoparticles is nearly intact after the mineralization process.

Owing to the nano-size effect, smaller nanoparticles may have longer circulation half-life in the body and exhibit better contrast.[@b24-ijn-10-2619],[@b25-ijn-10-2619] The smaller size of nanoparticles also influences the relaxivity and contrast enhancement.[@b26-ijn-10-2619]--[@b28-ijn-10-2619] It is noted in this study that the M-HFn~7000~ with the largest core size (5.3 nm) exhibits the highest value of *r*~2~ (320.9 mM^−1^ s^−1^), which is ten times higher than that of the M-HFn~1000~ with the smallest magnetite cores (2.7 nm). The increase in transverse relaxivity with increased size of M-HFn cores is well consistent with typical behavior of relatively small particles in motional averaging regime.[@b19-ijn-10-2619] This is mainly because the transverse relaxivity is proportional to the magnetic moment;[@b29-ijn-10-2619] that is, the larger the magnetization particles are, the higher the *r*~2~ the particles exhibit.[@b30-ijn-10-2619] The saturation magnetization of M-HFn nanoparticles synthesized here increased from 5.9 Am^2^ kg^−1^ to 37.3 Am^2^ kg^−1^ with the increasing size from 2.7 nm to 5.3 nm. In addition, the longitudinal relaxivity also increased with the augmentation of core size. The increasing nanoparticle size may enhance the water protons chemically exchanging with surface paramagnetic centers of particles; consequently, *T*~1~ relaxation enhanced.[@b31-ijn-10-2619] The values of *r*~1~ and ratio of *r*~2~/*r*~1~ are important parameters for evaluating magnetic nanoparticles as MR-positive contrast agents. In general, *T*~1~ agents have *r*~2~/*r*~1~ ratios of 1--2.[@b32-ijn-10-2619] For M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~ nanoparticles, the *r*~2~/*r*~1~ ratios are 2.2, 4.4, 5.7, and 14.6, respectively ([Table 1](#t1-ijn-10-2619){ref-type="table"}). Previous study showed that the ultrasmall magnetic iron oxide nanoparticles of 3.3 nm have *r*~2~/*r*~1~ ratio of 4.2 and they could be used as both positive contrast agents and negative contrast agents.[@b33-ijn-10-2619] The relatively low *r*~2~/*r*~1~ ratios of M-HFn~1000~ and M-HFn~3000~ suggest that they may be potential dual-contrast agents.

As a negative contrast agent, magnetic nanoparticles primarily act to alter transverse relaxation time (*T*~2~) values of the water proton surrounding the particles.[@b34-ijn-10-2619] When these nanoparticles present in cells (or tissues) and are subject to an external magnetic field, the magnetic moments of the magnetite crystals align to create large heterogeneous field gradients and dipolar coupling between the magnetic moments of water protons and the magnetic moments of particles, and cause a decrease in signal intensity in *T*~2~- and *T*~2~\*-weighted MRI. Magnetic nanoparticles with higher magnetic moments and transverse relaxivity can significantly shorten the relaxation time of protons. As seen in [Figure 5, *T*](#f5-ijn-10-2619){ref-type="fig"}~2~ maps of MDA-MB-231 cancer cells incubated with larger M-HFn nanoparticles show darker images. For MRI detection, cells need to be internally labeled with MRI contrast agents. Enhancing the intracellular cell-labeling efficiency of iron oxide nanoparticles is desired.[@b35-ijn-10-2619] In this study, it shows that the largest M-HFn (M-HFn~7000~) nanoparticles can sensitively detect cancer cells with very low cell density of 1×10^4^ cells mL^−1^ of MDA-MB-231 cancer cells, suggesting a promising application in cancer detection.

Previous studies have shown that circulation half-life of magnetic nanoparticles can be reduced drastically if their size is below 10 nm,[@b36-ijn-10-2619],[@b37-ijn-10-2619] while the magnetic nanoparticles will easily be cleared by phagocyte systems, if the size is too large.[@b38-ijn-10-2619],[@b39-ijn-10-2619] For in vivo tumor imaging, M-HFn nanoparticles can be accumulated in tumor tissues via receptor-mediated pathway and not be cleared quickly.[@b11-ijn-10-2619] It was also found by acute toxic study on mice that there was no lethal effect with injection of the M-HFn nanoparticles at proposed high dose over 14 days.[@b11-ijn-10-2619] [Figure 6](#f6-ijn-10-2619){ref-type="fig"} shows that the quantitative analysis of Fe uptaken is similar to the Prussian blue staining. It can be seen that there is more blue deposition in cancer cells incubated with M-HFn nanoparticles with larger core size, indicating that more iron of M-HFn with larger size was endocytosed by cancer cells. This suggests that more Fe atoms could be loaded into ferritin while keeping the ferritin shell unchanged; the synthesized M-HFn nanoparticles would be more efficient for *T*~2~-weighted MRI.

Possessing intrinsic peroxidase-like activity is one of the pronounced features of magnetic nanoparticles.[@b40-ijn-10-2619]--[@b42-ijn-10-2619] [Figures 4](#f4-ijn-10-2619){ref-type="fig"} and [7](#f7-ijn-10-2619){ref-type="fig"} show that M-HFn nanoparticles with large size of cores have better performance of the peroxidase activity. This can be attributed to the larger magnetite core having more Fe^2+^ sites on surface than the smaller size crystals. During the color reaction process of M-HFn nanoparticles, in the presence of H~2~O~2~ and oxidant substrate, a key issue is the generation of •OH when H~2~O~2~ enters the ferritin cavity and interacts with the iron oxide core of M-HFn nanoparticles. This reaction is strongly influenced by the surface Fe^2+^.[@b43-ijn-10-2619] The peroxidase-like activity of nanoparticles could be used in various applications such as glucose detection and immunohistochemical detection.[@b44-ijn-10-2619],[@b45-ijn-10-2619] The results in this study also clearly demonstrate that the M-HFn nanoparticles with larger size are capable of being more efficient for immunohistochemical staining of tumor tissues. In other words, large cores can enhance the performance of immunohistochemical staining by taking advantage of peroxidase-like activity of M-HFn nanoparticles.

Many efforts have been made on improving the specificity of magnetic nanoparticles to target molecules by surface-coating modification as well as improving the magnetic properties of the core. For example, ferritin shell was reengineered by fusing tumor cell-specific peptide arginine--glycine--aspartate and green fluorescent protein, forming a new nanostructure for multifunctional imaging of tumor cells.[@b15-ijn-10-2619] On the other hand, gold clusters were successfully synthesized within ferritin shells, and these nanoparticles were used for kidney and liver imaging in live animals.[@b46-ijn-10-2619] The present study demonstrated that, by simply controlling the size of magnetite core, the contrast ability of M-HFn nanoparticles can be finely tuned. Finally, the peroxidase-like activity of magnetic nanoparticles can be utilized to efficiently catalyze the oxidation of phenols.[@b47-ijn-10-2619] Possibly, M-HFn nanoparticles with higher peroxidase-like activity could also be applied in environmental studies.

Conclusion
==========

The M-HFn nanoparticles with different magnetite core sizes can be synthesized by controlling the quantity of iron loading. The synthesized M-HFn nanoparticles have well-crystalline, near spherical-shaped, and ferrimagnetic magnetite cores with intact ferritin shells. Lines of evidences have demonstrated that the magnetic properties, relaxivity, and peroxidase-like activity of M-HFn nanoparticles are clearly size dependent. The M-HFn nanoparticles with larger magnetite cores have superior performance in MRI and immunoassay.

Supplementary materials
=======================

###### 

Magnetostatic interaction analysis of M-HFn nanoparticles.

**Notes:** The Wohlfarth--Cisowski test curves of (**A**) M-HFn~1000~, (**B**) M-HFn~3000~, (**C**) M-HFn~5000~, and (**D**) M-HFn~7000~ at 5 K. *R* values are 0.5, 0.48, 0.44, and 0.40 for M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~, respectively.

**Abbreviations:** M-HFn, ferrimagnetic H-ferritin; IRM, isothermal remanent magnetization; *H*, applied magnetic field; DCD, direct current field demagnetization; *R*, magnetostatic interaction parameter.

###### 

Low- and room-temperature magnetic analysis of M-HFn nanoparticles.

**Notes:** Hysteresis loops of M-HFn nanoparticles measured at (**A**) 300 K and (**B**) 5 K. (**C**) Low-field (1.5 mT) magnetization curves as a function of temperature measured after ZFC and FC treatments of the M-HFn nanoparticles.

**Abbreviations:** M-HFn, ferrimagnetic H-ferritin; ZFC, zero-field cooling; FC, field cooling; *M*, magnetization; *H*, magnetic field; *T*~b~, blocking temperature.

###### 

Analysis of transverse relaxivity of M-HFn nanoparticles by linear mapping iron concentration and 1/*T*~2~.

**Notes:** Transverse relaxivity (*r*~2~) analysis of (**A**) M-HFn~1000~, (**B**) M-HFn~3000~, (**C**) M-HFn~5000~, and (**D**) M-HFn~7000~. Slope of line represents *r*~2~.

**Abbreviations:** M-HFn, ferrimagnetic H-ferritin; *T*~2~, transverse relaxation times.

###### 

Analysis of longitudinal relaxivity of M-HFn nanoparticles by linear mapping iron concentration and 1/*T*~1~.

**Notes:** Longitudinal relaxivity (*r*~1~) analysis of (**A**) M-HFn~1000~, (**B**) M-HFn~3000~, (**C**) M-HFn~5000~, and (**D**) M-HFn~7000~. Slope of line represents *r*~1~.

**Abbreviations:** M-HFn, ferrimagnetic H-ferritin; *T*~1~, longitudinal relaxation times.
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![TEM analysis of M-HFn nanoparticles.\
**Notes:** (**A**) TEM graphs of M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~. Scale bar is 10 nm. (**B**) The high-resolution TEM images of these four M-HFn samples. Scale bar is 1 nm. (**C**) Corresponding SAED patterns of M-HFn nanoparticles. (**D**) Size histograms of M-HFn nanoparticles.\
**Abbreviations:** M-HFn, ferrimagnetic H-ferritin; TEM, transmission electron microscope; SAED, selected area electron diffraction.](ijn-10-2619Fig1){#f1-ijn-10-2619}

![Native PAGE analysis of assembled HFn cage structure of M-HFn nanoparticles.\
**Notes:** Gel was stained with (**A**) potassium ferrocyanide and (**B**) Coomassie Brilliant Blue R250. Lane 1, HFn cage; lane 2, M-HFn~1000~; lane 3, M-HFn~3000~; lane 4, M-HFn~5000~; and lane 5, M-HFn~7000~. (**C**) CD spectra determination of the secondary protein structural stability of M-HFn nanoparticles.\
**Abbreviations:** HFn, H chain ferritin; M-HFn, ferrimagnetic H-ferritin; PAGE, polyacrylamide gel electrophoresis; CD, circular dichroism; PBS, phosphate-buffered saline.](ijn-10-2619Fig2){#f2-ijn-10-2619}

![Size dependence of magnetic properties of M-HFn nanoparticles.\
**Notes:** The relationship between the core size of M-HFn nanoparticles and their (**A**) *R*-value, (**B**) *M*~s~, and (**C**) *H*~c~.\
**Abbreviations:** M-HFn, ferrimagnetic H-ferritin; *M*~s~, saturation magnetization; *H*~c~, coercivity; *R*, magnetostatic interaction parameter.](ijn-10-2619Fig3){#f3-ijn-10-2619}

![Peroxidase-like activity assays of M-HFn nanoparticles.\
**Notes:** M-HFn nanoparticles with different sizes of core catalyzed the oxidation of peroxidase substrates in the presence of H~2~O~2~. (**A**) TMB as the substrate to give a deep blue color product. (**B**) DAB as the substrate to give a deep brown color product. Color intensity changes with (a) HFn cage, (b) M-HFn~1000~, (c) M-HFn~3000~, (d) M-HFn~5000~, and (e) M-HFn~7000~. (**C**) The peroxidase-like activity of M-HFn nanoparticle is size dependent; larger M-HFn nanoparticles show higher peroxidase-like activity (TMB as the substrate).\
**Abbreviations:** HFn, H chain ferritin; M-HFn, ferrimagnetic H-ferritin; TMB, 3,3′,5,5′-tetramethylbenzidine; DAB, 3,3′-diaminobenzidine tetrahydrochloride.](ijn-10-2619Fig4){#f4-ijn-10-2619}

![MRI of MDA-MB-231 tumor cells incubated with M-HFn nanoparticles.\
**Notes:** (**A**) Evaluation of the efficiency of M-HFn nanoparticles in detecting MDA-MB-231 tumor cells by MRI. *T*~2~-weighted MR images of (a) tumor cell-only, and tumor cells incubated with (b) M-HFn~1000~, (c) M-HFn~3000~, (d) M-HFn~5000~, and (e) M-HFn~7000~. *T*~2~ values are 122.5±0.7 ms, 110.9±1.5 ms, 99.1±1.9 ms, 90.0±3.1 ms, and 81.2±2.6 ms (*P*\<0.05, n=3). (**B**) *T*~2~-weighted MR images of tumor cells of different concentrations incubated with M-HFn~7000~ nanoparticles: (g) 0 cells mL^−1^, (h) 1×10^4^ cells mL^−1^, (i) 1×10^5^ cells mL^−1^, (j) 2×10^5^ cells mL^−1^, and (k) 3×10^5^ cells mL^−1^. *T*~2~ values are 140.4±3.7 ms, 103.2±0.4 ms, 93.2±0.8 ms, 88.8±0.8 ms, and 81.2±2.6 ms (*P*\<0.05, n=3).\
**Abbreviation:** M-HFn, ferrimagnetic H-ferritin; MR, magnetic resonance; MRI, magnetic resonance imaging.](ijn-10-2619Fig5){#f5-ijn-10-2619}

![Iron uptake analysis of MDA-MB-231 tumor cells incubated with M-HFn nanoparticles.\
**Notes:** Prussian blue staining of MDA-MB-231 tumor cells incubated for 24 hours with (**A**) no nanoparticles, (**B**) M-HFn~1000~, (**C**) M-HFn~3000~, (**D**) M-HFn~5000~, and (**E**) M-HFn~7000~. (**F**) Iron contents in single cell are 0.16 pg cell^−1^, 0.29 pg cell^−1^, 0.80 pg cell^−1^, and 1.23 pg cell^−1^ after incubation with M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~, respectively, for 24 hours (statistical comparison of iron contents in single cell with cell-only yielded *P*=0.014, 0.002, 0.011, and 0.023 for M-HFn~1000~, M-HFn~3000~, M-HFn~5000~, and M-HFn~7000~, respectively).\
**Abbreviation:** M-HFn, ferrimagnetic H-ferritin.](ijn-10-2619Fig6){#f6-ijn-10-2619}

![Representative images of immunohistochemical staining of MDA-MB-231 tumor tissues by incubating with M-HFn nanoparticles (DAB as the substrate).\
**Notes:** (**A**) Without M-HFn nanoparticle incubation. Incubated with (**B**) M-HFn~1000~, (**C**) M-HFn~3000~, (**D**) M-HFn~5000~, and (**E**) M-HFn~7000~. (**F**) Different density mean shows that the tissue sections treated with M-HFn nanoparticles of larger core sizes enhance the efficiency of immunohistochemical staining (*P*\<0.05).\
**Abbreviations:** M-HFn, ferrimagnetic H-ferritin; DAB, 3,3′-diaminobenzidine tetrahydrochloride.](ijn-10-2619Fig7){#f7-ijn-10-2619}

###### 

Parameters of synthesized M-HFn nanoparticles with different core sizes

  Sample        Mean size (nm)   *R*    *M*~s~ (Am^2^ kg^−1^)   *H*~c~ (mT)   *T*~b~ (K)   *r*~2~ (mM^−1^ s^−1^)   *r*~1~ (mM^−1^ s^−1^)   *r*~2~/*r*~1~
  ------------- ---------------- ------ ----------------------- ------------- ------------ ----------------------- ----------------------- ---------------
  M-HFn~1000~   2.7              0.50   5.9                     4.62          10           22.5                    10.4                    2.2
  M-HFn~3000~   3.3              0.48   15.2                    8.28          13           63.2                    14.5                    4.4
  M-HFn~5000~   4.4              0.44   27.6                    19.87         44           99.4                    17.4                    5.7
  M-HFn~7000~   5.3              0.40   37.3                    24.41         170          320.9                   22.0                    14.6

**Abbreviations:** *R*, magnetostatic interaction parameter; *M*~s~, saturation magnetization; *H*~c~, coercivity; *T*~b~, blocking temperature; *r*~2~, transverse relaxivity; *r*~1~, longitudinal relaxivity; M-HFn, ferrimagnetic H-ferritin.
